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STREAK  INTERFEROMETRY 

ABSTRACT 

A  modification  of  the  Mach-Zehnder  interferometer  is  described  which 
permits  streak  interferometry  of  transient  axi -symmetric  flows.  Exemples 
are  shown  of  interf erograms  taken  of  flowB  produced  by  exploding  fine 
metallic  wires.  Prominent  features  of  the  interf erograms  Include  l) 
clearly  defined  shock  waves,  2)  a  narrow,  transparent,  flow  region  behind 
the  strong  shock  where  fringes  may  be  seen,  3)  an  opaque  region  presumed  to  be 
caused  by  the  dispersed  metal  and  4)  luminous  regions  associated  with  the 
second  shock  wave  and  electronic  excitation  of  the  material  near  the  axis 
of  symmetry. 
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1.  INTRODUCTION 


We  report  here  a  new  interferometric  technique  which  allows  extension  ' 
of  the  methods. of  gas  flow  interferometry  to  the  study  of  unsteady, 
cylindrically  symmetric,  gas  flow  phenomena  with  varying  amounts  of  self- 
luminosity. 

Ladenburg  and  Bershader^give  a  comprehensive  review  of  the  optical 

techniques  used  in  the  double  beam  interferometry  of  plane  and  axi-symmetric 

supersonic  gas  flows  which  are  independendent  of  time.  By  these  methods 

density  may  be  obtained  throughout  the  entire  field  of  flow.  Once  density 

values  have  been  found  it  is  possible  with  the  help  of  the  fundamental 

equations  of  fluid  flow  and  some  additional  assumptions  to  compute  streamlines 
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in  the  flow  field  and  values  of  velocity  components  and  pressure  . 

Until  recently  the  application  of  interferometric  techniques  to  transient, 
time -dependent  flow  phenomena  such  as  occur  in  chemical  explosions,  electric 
sparks,  exploded  wires,  etc.  seemed  to  be  limited  to  short  time  interval 
pictures  of  particular  chosen  phases  of  the  phenomena.  These  are  troubled 
by  light  Intensity  difficulties  and  poor  resolution  imposed  by  the  necessity 
of  "stopping"  a  high  speed  phenomenon  with  a  brief  flash  of  light. 

By  the  technique  we  describe  here  it  is  possible  to  obtain  in  the  x-t 
plane  of  the  -image  of  the  transient  disturbance.  Interferometric  data  comparable 
in  quality  to  those  obtained  hitherto  only  for  steady  flow  phenomena. 

2;  EXPERIMENTAL  METHOD 

2.1  Streak  Backlighting 

The  possibility  of  streak  interferometry  was  first  appreciated  at  the 

time  that  a  technique  of  streak  backlighting  was  developed  for  the  study  of 
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exploding  wires  .  Streak  backlighting  of  axi-symmetric  exploding  wire 
phenomena  is  obtained  by  placing  a  plaque  of  closely-spaced,  reflecting  wires 
behind  the  disturbance  and  normal  to  the  optical  axis  of  the  streak  camera. 

When  viewed  through  the  slit  one  sees  both  a  small  portion  of  the  transverse 
wire  and  the  spaced  spots  of  light  reflected  from  the  short  sections  of 
plaque  wires  visible  through  the  slit.  When,  this  image,  illuminated  by.  the  wire 
explosion,  is  swept  by  the  rotating  mirror,  there  appears  on  the  film  a  series 
of  parallel  streaks  each  of  which  is  interrupted  by  the  refractive  effeats 
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caused  by  the  shock  wav^  through  which  the  light  must  pass.  Except  in  the 
immediate  vicinity  of  the  shock  wave  the  streaks  of  light  are  "both  undeviated 
and  of  uniform  size,  indicating  the  well-known  fact  that  refraction  effects  are 
negligible  except  at  the  shock  wave.  There,  however,  the  details  of  the 
refraction  indicate-  that  as  the  rotating  mirror  sweeps  the  image,  the  light  ' 
spots  are  capable  of  writing  on  the  film  with  both  high  speed  and  high  resolution. 

In  principle  there  is  no  difficulty  in  replacing  the  backlighting 
reflectors  by  a  system  of  parallel'. fringes  formed  by  an  interferometer.  In 
this  case,  as  the  mirror  sweeps,  the  fringes  will  write  combined  refraction  and 
retardation  fringe  shifts  on  the  film,  with  speed  and  resolution  limited  by 
the  light  intensity,  which  places  a  maximum  on  the  allowable  mirror  speed,  and 
by  the  width  of  the  viewing  slit.  To  realize  experimentally  such  a  situation 
requires  more  complex  instrumentation  than  that  necessary  for  streak  back¬ 
lighting  alone. 

2.2  Modifications  of  the  Mach-Zehnder  Interferometer 

We  start  with  the  basic  elements  of  an  Interferometer  for  study  of 
supersonic  projectiles  in  free  flight}  viz.,  a  light  source,  monochromator, 
Mach-Zehnder  interferometer  with  2"  field,  and  rotating -mirror  camera.  This 
instrument  has  been  described  briefly  in  connection  with  an  adaptation  of  a  heated 
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B-H6  mercury  flash  tube  used  as  a  light  source  .  We  shown  in  Fig.  1  a  sketch 
of  the  optical  arrangement  including  the  interferometer  and  rotating-mirror 
camera. 

For  streak  analysis,  the  interferometer  is  modified  by  the  addition  of 
two  auxiliary  slits,  one  in  each  beam  as  shown  in  Fig.  1.  The  slits  are 
located  at  approximately  equal  optical  distances  from  the  camera  objective  lens 
and  perpendicular  to  the  parallel  fringe  system  formed  by  the  interferometer. 

For  clearest  fringes  from  a  given  circular  source,  the  interferometer  is 
adjusted  to  form  fringes  perpendicular  to  the  plane  of  centers  of  its  elements. 
Therefore  the  auxiliary  slits  are  parallel  to,  or  lie  in,  the  plane  of  centers. 

The  slits  are  adjusted  so  that  their  images  coincide  as  seen  by  the  rotating, 
mirror  camera.  A  still  picture  with  this  adjustment  would  show  a  single  ■  v 
vertical  slit  crossed  by  evenly  spaced  light  and  dark  bars  representing  the 
fringes.  With  this  adjustment  of  the  interferometer,  the  source  of  the 
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disturbance,  in  our  examples  a  thin,  cylindrical  wire,  is  placed  several 
centimeters  behinLd  one  of  the  slits  and  perpendicular  to  both  the  optical  '• 
axis  of  the  camera  anddthe  slit  itself. 

2.5  Light  Squr.ce 

Since  the  interferometer  is  in  effect  backlighting  the  disturbance  with 
a  system  of  fringes,  the  need  is  for  a  bright  flash  of  light  of  comparatively 
long  duration.  For  the  phenomena  examined  here  the  duration  should  be  15  psec 
or  longer,  or  more  than  twice  that  of  the. heated  flash  tube  described  in 
Reference  4.  To  achieve  the  necessary  lengthening  of  flash,  inductance  is 
added  to  the  flash  tube  circuit  in  the  form  of  a  helix  of  heavy  wire.  In  the 
circuit  finally  used,  the  tube  receives  a  pulse  from  a  condenser  of  l/2  pfd 
charged  to  about  6-9  kv.  At  higher  voltages  the  tube  will  frequently  break 
under  the  internal  pressure  developed  during  the  pulse.  Triggering  is 
accomplished  by  a  spark  gap  with  rounded  cylindrical  electrodes,  and  a  coaxial, 
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tickler  electrode  similar  to  those  used  in  spark  shadowgraph  applications  *  . 
The  monochromator  is  usually  set  on  the  4358A  line  of  Hg  and  the  slits  opened 
until  no  more  than  50  clear  fringes  are  obtained  in  the  Interferometer  during 
a  flash  exposure. 

2.4  Synchronization  of  Light  Source  and  Disturbance 

The  success  of  the  method  requires  a  technique  whereby  the  disturbance 
and  the  interferometer  backlighting  can  be  made  to  occur  in  either  order  and 
separated  by  a  small,  reproducible  time  interval.  Good  results  are  obtained 
using  two  pulse  transformers  designed',  with  35  to  1  ratio  to  give  a  15,000 
v  pulse  with  a  rise  time  of  0.1  psec.  With  the  primaries  connected  in 
parallel  to  the  same  thyratron  triggering  circuit,  events  initiated  by  the 
secondaries  can  be  made  to  occur  with  a  delay  due  to  triggering  of  about 
0.4  psec^. 

In  the  present  application  a  far  longer  delay  of  about  1.5  psec  occurs 
in  the  B-H6  tube  circuit  due  presumably  to  comparatively  slow  current  rise 
and  slow  increase  of  light  output.  For  this  reason  a  more  satisfactory  method 
follows  if  we  employ  the  pulse  transformers  as  above  but  raise  the  voltage 
on  the  B-H6  tube,  main  triggering  gap  until  breakdown  occurs.  The  reflected 
pulse  sets  off  the  thyratron  which  then  triggers  the  disturbance  gap. 
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2.5  The  Exploding  Wire 


For  streak  interferometry  the  disturbance  needs  only  to  be  axi symmetric 
and  reasonably  transparent.  The  explosion  of  a  fine  cylindrical .wire  answers 
both  these  requirements  and  in  addition  exhibits  both  luminous  and  opaque  regions 
in  the  same  flow.  The  disturbances  shown  here  as  examples  are  produced  by 
exploding  fine  cylindrical  wires  of  copper  about  l/2"  long  and  34  5  mila 
in  diameter.  An  0,5 pfd  condenser  at  8-12  kv  provides  the  current  pulse  for 
the  wire  explosion.  A  triggering  gap  similar  to  that  used ‘on  the  light 
source  provides  a  means  of  initiating  the  phenomenon. 

3.  STREAK  INTEHFEROGRAMS 

3.1  Examples 

We  show  in  Fig.  2a  streak  picture  of  the  exploding  wire  alone.  The  3,8 

mil  copper  wire  (1.19  cm  long)  exploded  at  8  kv  with  16  joules  stored  energy 

1  ;  > 

shows  a  relatively  small  region  of  luminosity  at  the  tip.  On  the  other  hand,  the 

V 

inward  trajectory  of  the  second  wave  is  fairly  clear  and  its  wedge-shaped 

outward  path  after  reflection  is  the  most  prominent  luminosity  of  the  photograph. 
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This  is  in  dontrast  to  experimental  results  of  an  earlier  paper  where  the  front 
shock  is  extremely  bright  at  the  apex  of  the  flash  and  the  second  Bhock  is 
partially  obscured  by  the  subsequent  decaying  luminosity. 

Fig.  3  shows  a  streak  Interferogram  taken  under  conditions  similar  to 
those  of  Fig.  2.  The  front  shock  wave  is  visible  for  about  10  psec  and 
fringes  may  be  seen  behind  it  down  to  the  boundary  of  a  fairly  definite 
opaque  region  which  appears  to  define  the  contact  surface  between  the  metal 
vapor  and  the  ambient  air.  At  later  times  the  density  of  the  metal  vapor 
decreases  enough  so  that  fringes  again  can  be  seen.  Near  the  axis,  luminous  ; 
phenomena  appear  which  represent  an  unsymmetrical  seoond  shock  pattern  with 
some  complicating  features  which  are  unexplained  at  present. 

In  Fig,  k  we  see  a  3,8  mil  wire  at  slightly  higher  energy.  Here  the 
same  general  features  are  visible  except  that  the  initial  flash  is  more  . 
luminous  and  the  second  shock  is  well  formed.  The  semi-circular  spot  above 
the  wedge-tip  of  the  second  shock  is  a  reflection  from  some  part  of  the 
apparatus  and  should  be  disregarded. 
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In  Fig,  5  we  show  a  streak  interferogram  of  a  5-mil  wire  at  25  joules 
stored  energy.  The  energy  per  unit  volume  of  wire  is  slightly  less  than  in 
Figs.  5  nnd  One  notices  that  the  flash  is  not  very  luminous  and  the  opaque 

region  is  especially  well  defined.  No  luminous  second  shock  appears.  The  semi¬ 
circular  spot  is  spurious  and  again  should  he  disregarded. 

1 

Finally  in  Fig.  6  we  exhibit  a  single  fringe  interferogram  of  a  5-mil  wire 
at  higher  energy  density  than  any  of  the  previous  figures.  The  first  and  second 
shock  wavesuare  conspicuous.  The  fringes  behind  the  front  shock  show  the 
axisymmetric  nature  of  the  flow.  The  symmetry  is  less  perfect  than  that 
obtained  around,  pro jectiles  in  free  flight;  but  nevertheless,  sufficiently 
good  so  that  data  reduction  for  such  a  flow  may  be  attempted  with  expectation  of 
reasonably  accurate  values. 

The  shadow  of  the  wire  may  be  seen  for  nearly  a  microsecond  before  the 

flash  (and  also  in  Fig.  5)*  Its  constancy  In  diameter  during  this  interval 
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suggests  that  a  dark -pause  expansion,  as  found  by  Mufller  ,  is  not  present 
in  this  case. 

5.2  Problems  of  Reduction 

Methods  of  converting  fringe  shift  values  to  densities  are  quite  well 
worked  out  for  axisymmetric  flows  of  ideal  gases1'10.  In  the  present  cases 
several  problems  arise  that  will  necessarily  require  a  more  elaborate  reduction 
method  than  any  given  previously.  We  shall  discuss  these  problems  briefly  and 
give  an  indication  of  probable  conditions  under  which  successful  reductions  will 
be  possible. 

One  of  the  immediate  problems  facing  the  experimenter  is  to  identify 

the  fringes  inside  the  shock  wave,  that  is  to  number  them  correctly  for 

comparison  with  the  undisturbed  fringes.  .‘For  axisymmetric  disturbances  the 

fringes  must  be  continuous  in  passing  through  the  shock10;  while.  In  contrast, 

the  fringes  show  a  discontinuity  in  passing  through  a  plane  shock.  The 

theoretical  expression  for  fringe  shift  is  based  on  the  assumption  that  the . 

rays  are  undeviated  by  the  density  changes  but  merely  retarded. '  For  moderate 

shock  waves  (M  £3)  In  weakly  refracting  substances  like  gases,  this  assumption 

is  reasonably  well  fulfilled;  nevertheless  even  in  these  cases,  calculations 

11* 

of  the  refraction  effect  indicate  that  errors  in  the  fringe  shift  of  the 
order  of  one  fringe  can  occur  just  inside  the  shock  wave  and  that  the  sign  of 

the  error  depends  on  the  position  of  the  plane  of  focus  in  the  disturbance. 
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In  the  present  cases  the  flow  field  is  hounded  by  a  strong  shock  in  most 
of  the  visible  region.  That  is  to  say  that  the  shock  Mach  number  Is  larger 
than  5  for  t£:6  psec  and  greater  than  10  for  t- 0.5  psec.  Thus  the  density 
Jump  at  the  shock  is  greater  than  4-  for  most  of  the  visible  region,  in  contrast 
to  the  smaller  values  wed  in  previous  estimations11  * 

If  we  assume  that  the  density  just  behind  a  strong  cylindrical  shock 
remains  constant,  then  fringe  shifts  of  the  order  of  10  can  arise  in  passing 
through  the  shock  before  5$  of  the  shock  radius  has  been  traversed.  In  Fig.  5 
for  example,  the  fringes  near  the  shock  are  very  densely  compressed  and  one 
is  able  to  count  in  the  expansion  region  as  many  as  10  clear  fringes  that 
appear  to  laminate  in  the  small  band  just  behind  the  shock. 

Attempts  made  to  estimate^  fringe  shift  on  the  assumption  of  constant 
density  behind  the  shock  appropriate  to  its  local  Mach  number,  have  given 
conflicting  values  for  the  same  fringe  encountered  at  different  trace  positions, 
that  is  at ^different  values  of  t.  ft  is  suspected  that  this  technique  fails 
here,  even  though,  successful  at  low  shock  strengths10,  because  of  refraction 
errors  too  large  to  ignore  and  in  the  present  cases  impossible  to  estimate. 

Use  of  a  "white  light"  fringe  system  to  trace  the  most  distinct,  central 

fringe  through  the  shock  would  offer  hope  of  success  if  the  center  fringes  pass 

through  the  shock  at  a  late  time  when  the  shock  is  comparatively  weak.  Near 

the  shock  vertex,  the  fringe  shift  is  larger  than  the  number  of  "white  light" 

fringes  ordinarily  available.  Furthermore  if  the  gas  is  appreciably  ionized 

on  passing  through  the  shock, the  center  of  contrast  of  the  fringe  system  will 

be  displaced  an  unknown  amount  unless  independent  information  on  ion  and  electron 
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densities  is  available  , 

Since  fringe  shift  is  proportional  to  ambient  density,  a  more  promising 
approach  is  to  reduce  the  ambient  pressure  at  which  the  interferogram  is  taken. 
Reduction  of  pressure  by  a  factor  of  4-  or  5  will  reduce  fringe  shifts  to  yalueB 
previously  experienced  with  weaker  shocks,  and  should  allow  direct  tracing 
of  fringes  through  portions  of  the  shock,  A  vacuum  apparatus  is;  under 
construction  at  this  laboratory  to  test  this  plan  of  approach. 

Where  the  shock  is  sufficiently  strong  (  M£10)  to  excite  internal 
degrees  of  freedom  or  to  ionize  the  gas,  the  optical  refractiyity  of  the  gas 
may  be  sensibly  altered  from  its  room  temperature  value s12,1^j  however,  for 
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air  through  shocks  where  the  temperature  rise  is  not  more  than  5000°,  (M<.10), 
ionization  is  negligible  and  optical  refractivity  is  not  seriously  affected  by 
the  degree  of  dissociation.  Thus,  room  temperature  values  may  be  used. 
Considerable  portions  of  the  flow  fields  in  Fig.  2  are  already  seen  to  satisfy 
these  requirements  so  reasonably  accuratev  density  values  may  be  expected. 

Conversion  of  density  values,  through  flow  theory,  to  values  of  other 
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flow  parameters  such  as  velocity,  temperature  and  pressure  is  considerably 

more  difficult  where  excitation  of  internal  degrees  of  freedom  and  dissociation 

exist.  Some  results  for  the  flow  of  air,  nitrogen  and  argon  over  the  front 
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surface  of  a  sphere  at  M^5  have  been  obtained  .  Comparison  of  these  cases 
shows  appreciable  effects  due  to  relaxation  phenomena  and  account  must  be  taken 
of  the  real  gas  properties  of  oxygen  and  nitrogen.  It  is  hoped  that  the 
computational  techniques  used  in  the  blunt  body,  steady  flow  problem  can  be 
adapted  to  calculation  of  flow  variables  in  the  unsteady  flow  fields  of  the 
present  streak  interferograms. 

The  semi -opaque  region  clearly  seen  in  Figs.  5,  and  5  presents  a 

problem  not  encountered  before  in  flow  field  interferometry.  The  symmetrical, 

light-absorbing  cloud  is  apparently  caused  by  the  expanding  metal  vapor  of  the 

wire.  Fringes  are  seen  within  the  edges  of  this  region  only  at  late  times 

after  the  expansion  has  proceeded  almost,  to  its  limit.  The  volume  swept  out 
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by  the  dark  cloud  is  of  the  order  of  10  times  the  original  volume  of  the  wire. 

The  state  of  aggregation  of  the  metal  during  the  expansion  process  is  not  known 
at  present.  Some  experimenters^ }  have  collected  striated,  metallic  depositp 
on  glass  slides  placed  near  the  exploding  wires.  Our  experiments  have  produced 
small  quantities  of  a  black  powder  which  is  presumably  metal  black,  l.e,,  finely 
divided  metal  powder  with  particles  of  colloidal  size,  although  the  possibilty 
of  metal  oxide  powder  has  not  been  ruled  out  in  the  present  case  of  copper  wires. 

In  order  to  calculate  quite  accurately  first  and  second  shock  wave 

trajectories  for  the  exploding  wire  phenomena,  it  is  only  necessary  to 

assume  that  the  copper  wire  is  converted  into  a  perfect  gas  by  the  deposition 

17 

of  electrical  energy  .  The  gamma  of  the  copper  has  to  be  adjusted  to 
secure  a  reasonable  fit  of  the  second  shock  wave.  Thus  only  a  vapor  of 
copper  needs  to  be  assumed  hydrodynamic ally  although  other  evidence  suggests 
the  presence  of  colloidal  particles  and  possibly  globules  or  Jets  of  molten 
metal. 
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The  refractive  properties  of  a  metal  vapor  ort  of  metal  dispersions  in  air 

are  not  well  known  at  present.  The  fringe  patterns  given  in  Fig.  2  suggest 

a  distinct  density  change  at  the  dark  boundary .  Further  analysis  may  need 

to  take  into  account  the  theory  of  light  scattering  and  refractive  index  for 
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solutions  of  colloidal,  particles  suitably  adapted  to  the  case. of  metal 
dispersed  in  a  gas .  \  ■ 

3.3  The  Shock  Waves  ■  - 

Comparison  of  the  shock  trajectories  in  Fig.  2  with  those  obtained  by  the 
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streak  backlighting  or  the  mirror  methods'  shows  streak  interferometry  to  be 
superior  in  producing  a. continuous  record  over  an  extended  period  of  time.  '  . 
Thus,  even  though  -the  detailed  reduction  of  the  interferogram  presents  many  new 
and  difficult  problems ,  the  shock  wave  data  obtained  are  more  complete  than  those 
of  either  previous  method. 

Coordinates  of  points  on  the  shocks  shown  in  Figs.  3-5  have  been  measured 
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and  fitted  to  parabolas.  According  to  a  method  of  shock  analysis  based  on 

similarity  flow  theory  for  blast  waves,  the  trajectory  of  a  strong  cylindrical 

shock  formed  by  instantaneous'  energy  release  along  a  line,  at  the  origin  of 

time,  should  be  accurately  parabolic.  The  apparent  energy  release,  E  in 

joules/cm,  to  form  the  shock  wave  can  be  determined  from  the  latus  rectum  of  the 

parabola  as  expressed  by  the  theory.  The  experimental  data  for  Figs.  3,  4,  5 

and  6  give  E  to  be  9.0,  9*8>  10. 7  and  17.1  joules/cm  respectively.  When  these 

values  are  multiplied  by  the  length  of  the  wire  (1.19  cm)  and  divided  by  the 

energy  stored  in  the  capacitors,  efficiencies  of  67,  64,  51  and  62$  are  obtained 

for  apparent  transfer  of  electrical  to  mechanical  energy.  These  values  are 

8 

about  10$  higher  than  those  encountered  previously  . 

The  physical  situation  defined  by  the . explosion  of  a  fine  cylindrical 

Wire  is  only  an  approximation  to  the  conditions  of  the  similarity  blast 

wave  theory.  As  a  consequence  the  energies  and  efficiencies  calculated  above 

19 

can  have  only  a  limited  validity  .  Until  further  investigation  is  made 
of  the  problems  involved,  the  degree  of  approximation  cannot  be  stated  with 
precision.  The  theoretical  calculations  of  Rouse1^  show  that  the  only  region 
Where  the  flow  even  approaches  similarity  lies  just  behind  the  shock  wave. 

From  this  point  of  view  it  is  difficult  to  see  why  the  shock  should  travel 
as  nearly  a  similarity  flow  trajectory  as  it  does,  and  why  the  energy  values 
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indicated  correlate  well  with  other  aspects  of  the  electrical  theory  of  the 

20 

exploding  wire  circuit,  .  Notwithstanding  these  uncertainties,  the  experimental 
evidence  available  indicates  that  both  shock  energies  and  efficiencies  must  be 
approximately  correct  and  give  a  reasonably  accurate  indication  of  the  transfer 
of  energy  from  electrical  to  mechanical  form. 


F.  D.  BENNETT 

£).  £).  QJLlCisJ 


D.  D.  SHEAR 
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Fig.  2  Streak  picture  of  3.8  mil  Cu  wire  at  8  kv. 
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Fig.  3  Streak  interf  erogram.  of  3*8  mil  Cu  wire  at  8  kv. 
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Fig.  4  Streak  interf erogram  of  3.8  mil  Gu  wire  at  8.5  kv. 
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Fig.  5  Streak  interferogram  of  5  mil  Cu  wire  at  10  kv 
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Fig.  6  Single  fringe  streak  interferogram  of  5  mil  Cu  wire  at  11.5  kv. 
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